Abstract A prospective serological investigation was conducted to determine the prevalence and distribution of foot-and-mouth disease (FMD), as well as to monitor the effectiveness of the FMD control programme (FMD-CP) through vaccination in Karnataka, India. Random serum samples were collected every year between May and August before the start of vaccination in 2011, and subsequently following two phases of vaccination in 2012 and 2013. Infection status (seroprevalence) was inferred by subjecting the sera to indirect r3AB 3 non-structural protein-ELISA, using kits developed by the Project Directorate on FMD, India. The seromonitoring of FMD-CP was carried out by detecting antibodies deemed to be protective in the pre-and post-vaccinal sera, using liquid-phase blocking-ELISA for structural proteins. The results revealed significant decrease in seroprevalence from 58 to 21 %, providing more definitive data supporting our earlier findings obtained through clinical observations (Hegde et al. in Virusdisease 25:504-509, 2014), and detecting active infection in some of the populations which were considered to be free based on passive surveillance. On the other hand, after four rounds of vaccination, a gradual and significant increase from 4.5 to 59 % of animals carrying antibody levels deemed to be protective was observed against all the three serotypes. The findings of this study could be useful for further strategizing to strengthen the ongoing FMD-CP in Karnataka State, India.
Introduction
Foot-and-mouth disease (FMD) is a highly contagious viral disease which affects all cloven-hooved domestic animals including cattle, buffaloes, sheep, goats and pigs (Office International des Epizooties (http://www.oie.int/doc/ged/D7 710.pdf). The disease is rarely fatal in adult animals, but is dreaded owing to nearly 100 % morbidity, rapid spread, severe decrease in livestock production, and mortality in young animals. The seven serotypes of FMD virus (FMDV), O, A, Asia-1 and South African Territories (SAT)-1, -2, and -3, are immunologically distinct but produce a clinically indistinguishable disease (http://www.oie.int/doc/ged/D7710. pdf). Most of the developed countries are free from FMD whereas the disease is endemic in Africa, the Middle East and Asia. However, the disease is a global concern due to increased movement of livestock as well as trade in livestock products as a result of the globalized economy [25] .
Foot-and-mouth disease is endemic in India with the prevalence of serotypes O, A and Asia-1. Serotype O is the most prevalent (83-93 % of the outbreaks) followed by Asia-1 (3-10 %) and A (3-6.5 %), whereas serotype C has not been reported since 1995 [24] . The disease situation in India is complicated due to the plurality of the circulating virus strains, unrestricted movement of animals and asymptomatic or subclinical infection of mainly small ruminants. Vaccination-based FMD control programme (FMD-CP), which involves biannual vaccination of all cattle and buffaloes in selected areas, followed by regular active surveillance and antibody monitoring in the vaccinated population is on-going in India with the objective of creating FMD free zones [24] .
Animals infected with FMDV produce antibodies to viral structural and non-structural proteins [18, 26] , whereas animals vaccinated with purified vaccines are expected to produce antibodies to structural proteins only (http://www.oie.int/doc/ged/D7710.pdf). Conventional serological tests detect antibodies to structural proteins, and are hence suitable for FMD surveys [12] . In scenarios where both vaccinated and infected animals co-exist, such as in India, antibodies directed at FMDV structural proteins are expected to be induced by both inactivated viruses (vaccines) and live viruses (in infected or carrier animals) [13] . In such cases, testing for antibodies to viral non-structural proteins (NSPs) is used to monitor infection or virus circulation [7, 12, 21] . Serological surveys have been used in FMD-endemic countries such as Thailand [10] , Cameroon [5] , Taiwan [6] , Lao PDR [3] , Uganda [1] , Egypt [19] , Bhutan [11] and Cambodia [28] . In India, serological survey is being carried out under a national programme to determine the prevalence of FMD as well as to assess the implementation and effectiveness of FMD-CP.
Karnataka, the seventh largest state in India (191.791 km 2 area, 5.8 % of the country), is situated between 11°40 0 and 18°27 0 N latitude and 74°50 0 and 78°33 0 E longitude, in the centre of the western peninsular India. The state has a topography ranging from the narrow stretch of coastal plains to elevated terrains of the Western Ghats sloping gently to the West to the drier plateau regions in the East. The state has 30 revenue districts, subdivided into 176 talukas (district subdivisions) and can be divided into 10 agroclimatic zones: Northeastern transition, Northeastern dry, Northern dry, Central dry, Eastern dry, Southern dry, Southern transition, Northern transition, Hilly, and Coastal. The state has a passive disease surveillance system based on hierarchical reporting of disease outbreaks: livestock owners report to the local veterinarians, who in turn report to Assistant Director at the taluka level, who report to the Deputy Director at the district level. From each district, the disease data is transmitted to the state level Deputy Director, Disease Surveillance and Monitoring, who in turn compiles the data for the whole state. The laboratory confirmation of FMD is carried out at the Bengaluru Centre of the All-India Coordinated Research Project on FMD (AICRP-FMD).
We have earlier reported on a retrospective study on the epidemiology of FMD in Karnataka, India, for the period between 1977 and 2012-2013 based on data collected through passive and active clinical surveillance [16] . However, many outbreaks likely went unnoticed or unreported because of the endemic nature of the disease, low mortality and due to reasons such as remoteness of the villages and lack of incentives for disease reporting. In addition, all the reported outbreaks were not confirmed due to various reasons such as ignorance of the farmers, wrong presumptive diagnosis, not collecting samples, improper/insufficient/mistimed sample collection, and/or improper storage or transport of the samples. Therefore, there was a need to validate the findings of passive and active clinical surveillance through active serological surveys. In addition, it was also necessary to assess the penetration of FMD-CP against reported vaccination coverage, and to evaluate the effectiveness of the vaccine by comparing serological reactivity against outbreak incidence. The present study was therefore carried out under FMD National Serosurveillance Programme to determine the seroprevalence of FMD in cattle and buffaloes by measuring NSP antibody prevalence and to determine the effect of vaccination under FMD-CP by measuring the antibody response to FMDV structural proteins.
Given the absence of prior data on the serosurveillance, the present study was carried out under FMD National Serosurveillance Programme to determine the seroprevalence of FMD in cattle and buffaloes by measuring NSP antibody prevalence and to determine the effect of vaccination under FMD control programme by measuring the antibody response to FMDV structural proteins.
Materials and methods

Study area and design
Serosurveillance study
The serosurveillance study was carried out in all the 30 revenue districts of Karnataka and the random serum samples were collected between May and August of each of the years 2011, 2012 and 2013. For this, 100 serum samples were collected from 10 villages in each district by following a multistage convenience sampling. Since the revenue districts are subdivided into talukas and further into villages, the villages were selected using randomization calculator (RANDOM.ORG), in such a way that each taluka was represented for sampling. Serum samples were collected from the selected villages following simple random sampling in which each member of the subset had an equal probability of being chosen with an unbiased representation. Every year, different villages were selected following the same criteria and a fixed but higher number (3000 from 30 districts) of samples were collected. For the purpose of this paper, traditionally maintained herds are defined as those that are either stall-fed or are maintained by letting the animals out daily for grazing in and around their usual place of residence and do not take part in seasonal migration. At the time of blood collection, information on vaccination status was also collected. For the serosurveillance study, 8877 serum samples were collected from apparently healthy animals over the 3-year period and screened for NSP antibodies.
Post vaccination seromonitoring study
The study involved measuring the antibody responses to structural proteins after vaccination under FMD Control Programme (FMD-CP), which is being implemented since September 2011, wherein all cattle and buffaloes are vaccinated biannually (September and February) using a trivalent oil adjuvant vaccine containing three FMDV serotypes O, A, and Asia-1 prevailing in the country. The Table 1 .
Sample collection
Blood sample was collected from jugular vein of individual animals using Vaccutainer tube (Greiner bio-one/BD) containing serum clot activator. The sample was immediately mixed, transported to the laboratory on wet ice and refrigerated overnight. The separated serum was centrifuged at 10009g, aliquoted, labelled and stored at -20°C for up to 4 months before testing.
Serological assays
Serosurveillance by r3AB 3 NSP ELISA An indirect ELISA using the validated r3AB 3 NSP ELISA kit (PDFMD, Mukteswar) was performed as described to assess antibodies against 3AB 3 NSP of FMDV [21, 27] . The r3AB 3 NSP indirect ELISA was considered to be valid if the mean absorbance of the positive control was C0.8 and the test plate was rejected if the mean absorbance of the supplied negative control was [0.3, or the OD in the background control wells was[0.10; the sample was declared positive if percent positivity (PP) value was [40. The PP value was calculated by dividing the OD of the test serum by that of the positive control serum and then multiplying by 100.
Seromonitoring by liquid phase blocking ELISA (LPB-ELISA)
Serotype-specific antibody titres to structural proteins were quantitatively measured by LPB-ELISA to assess the overall herd immunity status against FMD virus serotypes O, A and Asia-1 using the in-house LPB-ELISA kit (PD-FMD, Mukteswar) as per the procedure described. For each serum dilution, the results were expressed as follows:
Mean OD of antigen control wellsÞ Â 100
The antibody titres were expressed as logarithm of reciprocal of serum dilutions giving 50 % of the absorbance recorded in the antigen control wells. As per the guidelines issued by PDFMD(ICAR), the samples showing log 10 titre of C1.8 against all three vaccine component serotypes O, A and Asia-1 were considered as having sufficient level of antibodies deemed to be protective.
The laboratory confirmation of FMD was done at the AICRP-FMD centre at Bengaluru. The clinical samples collected and/or received by the centre were processed and tested by sandwich ELISA as per the protocol standardised by PD-FMD.
Data analysis
The data was analysed for seroprevalence and the 95 % minimal length confidence intervals (CI) by using survey toolbox for livestock diseases (Epitools epitools.ausvet.-com.au/content.php). Pearson's Chi square test was used to There was significant decrease in the level of NSP antibodies between the years (F = 88, p \ 0.01) ( Table 2 ). Considering at least one animal being positive, samples from 757 out of 957 screened villages were positive for anti-NSP antibodies. As far as the various revenue districts are concerned, 63 % (19 of 30) districts showed seroprevalence rates at animal level of [50 % in 2011 whereas all the districts had seroprevalence rates of B50 % in both the subsequent 2 years as analysed by NSP ELISA. Indeed, 73.3 % of the districts had seroprevalence rates of \25 % in 2012 whereas 63.3 % had \25 % rates in 2013 (Table 3 ; Fig. 1 ).
Seromonitoring (LPB-ELISA)
Seromonitoring following FMD-CP revealed that levels of antibodies deemed to be protective (SP-Ab) were observed in 62, 86 and 82 % of the cattle/buffaloes against serotype O, A and Asia-1, respectively, as against a vaccination coverage of 80 % after the fourth phase of vaccination in February 2013 (Table 1; Fig. 2 ). There was a gradual increase from Phase I through Phase IV in the proportion of samples showing levels of SP-Ab. The level of SP-Ab against all the three serotypes was just 4.5 % at the beginning of Ist phase of vaccination. This has significantly increased to 59 % (F = 27.3, p \ 0.001) at the end of IVth phase of vaccination (Table 1 ; Fig. 2) . Further, evaluation of the effectiveness of FMD-CP showed that both the number of districts reporting and the total number of reported outbreaks had reduced gradually to about 30-40 % by the end of the fourth round of vaccination. The reported outbreaks of FMD reduced from 169 at the beginning of FMD-CP to 116 at the end of fourth phase of vaccination. The outbreaks, however, continue to be caused mostly by serotype O, though serotype A and Asia-1 also circulating ( Table 4) . Majority of the outbreaks investigated were observed in unvaccinated animals.
Discussion
This is the first serological study providing information on the status of FMD in Karnataka state, India. The results of the study demonstrate that FMD is endemic in the state, with all the 30 revenue districts showing seroprevalence as evidenced by NSP ELISA. There has been a significant decrease in prevalence of anti-NSP antibodies from the years 2011 to 2013 and gradual increase in antibodies to structural proteins in the years subsequent to the introduction of the systematic vaccination under FMD-CP since 2011. Similar observations have been made in Haryana state, where seroprevalence reduced from 31 % before the start of FMD-CP to 18 % before start of the fourth phase [17] and further reduced to 12 % at the start of the eighth phase of vaccination [2] (www.pdfmd.ernet.in). The samples collected for the current serosurveillance study were from a time before the systematic vaccination was implemented under FMD-CP and between two phases of vaccination. It was observed that seroprevalence varied between some districts. It should be noted that the sampling was random each year, and animals were not marked for re-sampling. Given that there is no restriction on movement of animals and that both vaccinated and infected animals would be mingling, a decrease or increase in neighbouring districts can be expected. For example, significant movement of animals occurs between Gulbarga district and its bordering state of Maharashtra, whereas large-scale buying and selling of animals takes place in the high yielding belt of Kolar district. Hence, it is not surprising that few districts may have higher prevalence of anti-NSP antibodies compared to others. Large numbers of outbreaks were reported from the dry zones and transition zones where the majority of the susceptible livestock population is located [16] . Before the implementation of vaccination programme, seroprevalence in these zones was more than 50 % which subsequently reduced to less than 25 % at the end of IV th phase of vaccination.
We have previously reported that although FMD is prevalent in all the 30 revenue districts representing all the ten agro-climatic zones, it is not uniformly distributed. On an average, outbreaks were recorded in 21 districts every year, of which only 10.8 outbreaks were confirmed [16] . Not all the clinically reported outbreaks could be confirmed in the present study as well. A multitude of reasons at each step starting from farmers' ignorance to improper transport (19) (20) (21) (22) (23) of the sample contribute to the low confirmatory diagnosis. Importantly, the present study confirmed seroprevalence despite official records of no outbreaks in some villages, reaffirming underreporting as a major drawback of the passive surveillance system [11, 20, 23] . Prior to 2011, there was no control of FMD by systematic vaccination programme. Hence the sampling was not aimed at collecting from 0.5 to 1.5 year cattle and buffalo which represent the population that is susceptible. It would probably be worthwhile following this up with a more systematic study once we achieve more than 85 % herd immunity with clinical disappearance of the disease. Seroprevalence in the apparently healthy animals supports the fact that the virus is circulating, and that animals are exposed to the virus. Anti-NSP antibodies, especially the anti-3ABC antibodies, can be detected in infected animals for up to 665 days following infection [22] and these can be potentially boosted by a clinically silent infection. Therefore, it is likely that seropositive animals had detectable levels of circulating anti-NSP antibodies derived from previous infection or exposure to the virus. Earlier to the implementation of FMD-CP, there was no preventive vaccination in Karnataka, and vaccination was limited mostly to post-outbreak situations until 2006-07 when severely affected districts were brought under the Assistance to States for the Control of Contagious Animal Diseases (ASCAD) programme, under which livestock were vaccinated once a year. With the implementation of FMD-CP since September 2011, the vaccination coverage increased gradually from 58 % in the first phase to 80 % at Ckikkaballapur, Kolar, Hasan, Tumkur, Mandya and Mysuru, where high yielding cross-bred milch animals are present, the systematic increased vaccination coverage resulted in increased proportion of animals carrying protective titres against all the three serotypes and also a decrease in reported outbreaks. There was a parallel reduction in prevalence of anti-NSP antibodies in these districts. On the other hand, increase in disease outbreaks in Ramanagar district may be due to lower vaccination coverage of \60 % in each phase of vaccination, and that in Kalburgi and Yadgir districts, which mainly have draught animals, may be due to large-scale movement of animals between these districts and the neighbouring states of Maharashtra and Andhra Pradesh, in addition to lower vaccination coverage. However, at the end of the fourth phase of vaccination, 61 % of the population was still susceptible to FMDV attack with anyone of the three serotypes, whose circulation, incidentally, has been confirmed. In the absence of restriction on movement of animals and zoo sanitary measures, it is likely that large scale outbreak may occur. Indeed, to prevent the establishment and maintenance of FMDV in a herd, the aim should always be to attain at least 85 % and preferably 100 % vaccination coverage of the susceptible livestock [9, 14] at every phase of vaccination programme and low level of vaccination coverage can result in a perceived failure of a vaccination program [8, 15] . Since there is no scope in India for slaughter of affected and in-contact animals, the disease can be controlled only by effective vaccination of all the susceptible livestock population. It is noteworthy that the state of Haryana has achieved FMD free status since 2012-13 through effective implementation of vaccination programme, leading to herd immunity of more than 80 % and anti-NSP antibody response of \2 % [4] (http://www.pdfmd.ernet.in/index_ files/Content/Reports/AR_2013_14_PDFMD_2013_14.pdf). Karnataka state may also be able to achieve a clinical Feb 2013 (Phase IV) 80 disappearance of the disease by effective implementation of vaccination programme covering all the livestock in each phase of FMD-CP. The findings of the present study indicate that FMD is highly prevalent in Karnataka, supporting the passive surveillance data. On the other hand, serological surveys proved useful in detecting infection that was missed by passive surveillance. The data also confirm the gradual increase in the population of animals deemed to be protected following the biannual vaccination programme, but aim should always to achieve 100 % vaccination coverage of the susceptible livestock. Further, in case of FMD, vaccination is considered to be one of the control measures, movement control of livestock and livestock products and implementation of zoo-sanitary measures are required in addition to mass vaccination under FMD-CP. In order to further strengthen the vaccination campaign better quality control measures such as maintenance of cold chain, educating and training of all stakeholders, logistics supply and distribution and effective administration of vaccines is required. Besides, national FMD commission and independent agency for monitoring the vaccine quality may be established for the smooth functioning of this ambitious programme.
